Exercise is known to improve cognitive functions and to induce neuroprotection. In this study we used a short-term, moderate intensity treadmill exercise protocol to investigate the effects of exercise on usual markers of hippocampal synaptic and structural plasticity, such as synapsin I (SYN), synaptophysin (SYP), neurofilaments (NF), microtubule-associated protein 2 (MAP2), glutamate receptor subunits GluR1 and GluR2/3, brain-derived neurotrophic factor (BDNF) and glial fibrillary acidic protein (GFAP). Immunohistochemistry, Western blotting and real-time PCR were used. We also evaluated the number of cells positive for the proliferation marker 5-bromo-2-deoxyuridine (BrdU), the neurogenesis marker doublecortin (DCX) and the plasma corticosterone levels. Adult male Wistar rats were adapted to a treadmill and divided into 4 groups: sedentary (SED), 3-day exercise (EX3), 7-day exercise (EX7) and 15-day exercise (EX15). The protein changes detected were increased levels of NF68 and MAP2 at EX3, of SYN at EX7 and of GFAP at EX15, accompanied by a decreased level of GluR1 at EX3. Immunohistochemical findings revealed a similar pattern of changes. The real-time PCR analysis disclosed only an increase of MAP2 mRNA at EX7. We also observed an increased number of BrdU-positive cells and DCXpositive cells in the subgranular zone of the dentate gyrus at all time points and increased corticosterone levels at EX3 and EX7. These results reveal a positive effect of short-term, moderate treadmill exercise on hippocampal plasticity. This effect was in general independent of transcriptional processes and of BDNF upregulation, and occurred even in the presence of increased corticosterone levels. 
Introduction
Physical exercise has beneficial effects on brain health and cognition. It uses the processes of energy metabolism and synaptic plasticity to promote brain health, upregulating proteins related to cognitive (Ding et al., 2006) and mitochondrial function (Kirchner et al., 2008) . Exercise has also protective effects against several neurological diseases including Parkinson's disease (Smith and Zigmond, 2003 ), Alzheimer's disease (Mirochnic et al., 2009) , and ischemic stroke (Stummer et al., 1994) . In addition, exercise has been associated with a reduced risk of cognitive impairment and dementia with age (Laurin et al., 2001) . Both acute and chronic exercises increase hippocampal activity (Holschneider et al., 2003 (Holschneider et al., , 2007 . Exercise induces hippo-campal synaptic plasticity mainly by enhancing synaptic efficacy and the expression of molecules involved in learning and memory (Farmer et al., 2004; Vaynman et al. 2003 Vaynman et al. , 2004 . Increase of neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF) and fibroblast growth factor (FGF), and their mRNAs have been widely reported after exercise (Berchtold et al., 2010; GomezPinilla et al., 1997; Neeper et al., 1996) . Components of the presynaptic vesicle membrane, such as synapsin I (SYN) and synaptophysin (SYP) are also found to be increased after exercise training . Exercise induces longterm potentiation (LTP) (van Praag et al., 1999a) and increased glutamatergic activity (Leung et al., 2006) , but the simultaneous increase of the expression of neurotrophic factors, such as BDNF, promotes neuroprotection against the excitotoxic effects of glutamate in cell cultures (Jiang et al., 2005) . There is evidence that treadmill exercise increases the number of astrocytes and the level of glial fibrillary acidic protein (GFAP) in the frontoparietal cortex and dorsolateral striatum of exercised rats (Li et al., 2005) and stimulates the proliferation of astrocytes in the subgranular zone (SGZ) (Uda et al., 2006) . Voluntary physical activity is also known to induce adult hippocampal neurogenesis, increasing cell proliferation and survival (Ehninger and Kempermann, 2003; van Praag et al., 1999a van Praag et al., , 1999b . In addition, structural neuronal proteins may also be affected by exercise due to their plastic characteristics in face of various stimuli (for reviews, see Sánchez et al., 2000; Julien, 1999) .
Considering that for humans the recommended guideline for the practice of physical activity states at least 30 min of moderate-intensity activity on most days of the week (Hillman et al., 2008) , here we used an animal model of shortterm, moderate intensity treadmill exercise protocol to investigate if this would be enough to induce plastic changes of synaptic and structural elements of the rat hippocampus. We chose to study synaptic density markers, such as SYN and SYP; structural neuronal proteins to predict axonal and dendritic growth or remodeling, such as NFs and MAP2; the neurotrophic factor BDNF, which has been repeatedly associated to exercise-induced plasticity (Berchtold et al., 2010; Ding et al., 2006; Griesbach et al., 2004; Vaynman et al., 2003 Vaynman et al., , 2004 Vaynman et al., , 2006 ; glutamate receptor subunits, such as GluR1 and GluR2/3, which are the predominant subunits expressed in granular and pyramidal cells in the hippocampus (Petralia and Wenthold, 1992) and are related to exercise-induced increases of LTP (van Praag et al., 1999a) ; and the astrocytic marker GFAP to predict growth or remodeling of astrocytic processes, which are critical for neurovascular coupling (Zonta et al., 2003) and energy metabolism especially during exercise (Magistretti and Pellerin, 1996) . Since the increase of adult hippocampal neurogenesis due to various exercise protocols has been widely reported (Ehninger and Kempermann, 2003; Kim et al., 2010; Uda et al., 2006; van Praag et al., 1999a van Praag et al., , 1999b , we studied the effect of this protocol on cell proliferation and neurogenesis by evaluating, respectively, the number of 5-bromo-2-deoxyuridine (BrdU)-positive cells and doublecortin (DCX)-positive cells in the SGZ. In addition, due to the stressful nature of exercise, plasma corticosterone was measured to predict stress levels induced by the present treadmill protocol.
Results
Our immunohistochemical data revealed a puntiformgranular pattern of hippocampal staining for anti-SYN and anti-SYP. Anti-SYN intensely stained the hilus (polymorphic layer), whereas anti-SYP generated a less dense pattern with only a few perikarya stained in the polymorphic layer. We observed an increased staining for SYN at EX7 (p < 0.05) [F(3,28) = 3.526, p = 0.0276], accompanied by increased protein levels (p < 0.05) [F(3,28) = 5.343, p = 0.0049] (Fig. 1) . SYP immunoreactivity [F(3,28) = 0.090, p = 0.965] and protein levels [F(3,28) = 0.535, p = 0.662] were unaltered with the present exercise protocol (Fig. 1) . For anti-NF, which stains all 3 polypeptides that constitute the neuronal NF, we observed a staining pattern along axons mainly in the polymorphic layer which increased at EX3 (p< 0.05) [F(3,28) = 8.170, p = 0.0005] with some staining in the molecular layer, which remained unchanged after exercise. The protein levels of only NF68 were increased at EX3 (p< 0.05) [F(3,28) = 5.335, p = 0.0049], whereas the levels of NF160 remained unchanged [F(3,28) = 1.162, p = 0.3418] and NF200 was not detected (Fig. 2) . Anti-MAP2 stained neuropil in all regions of the DG and we could observe increased staining in the hilar region for all exercise groups (p < 0.001) [F(3,28) = 16.39, p < 0.0001], whereas protein levels were significantly increased only at EX3 (p< 0.05) [F(3,28) = 4.349, p = 0.0123] (Fig. 2) . Anti-GFAP also produced a very diffuse staining of astrocytic processes throughout the DG and we could observe increased staining in the hilar region at EX3 (p< 0.05) and EX15 (p< 0.001) [F(3,28)= 14.64, p < 0.0001], accompanied by increased protein levels only at EX15 (p< 0.01) [F(3,28) = 7.019, p = 0.0012] (Fig. 2) .
Anti-GluR1 and anti-GluR2/3 stained perikarya and neuropil in the polymorphic layer, whereas some cells in the granular cell layer stained only for GluR1. We observed a decreased staining for GluR1 in the hilar region at all exercise periods (p< 0.001) with a more pronounced decrease at EX3 [F(3,28) = 39.11, p< 0.0001], which was the only group that presented decreased protein levels (p< 0.05) [F(3,28) =4.046, p= 0.0165] (Fig. 3) . As for GluR2/3, whereas protein changes were not detected [F(3,28) = 2.833, p =0.0563], the staining pattern in the hilar region suggested increases at EX7 and EX15 (p <0.05) [F(3,28) =5.612, p= 0.0038] (Fig. 3) . Anti-BDNF, on the other hand, stained mostly perikarya in the polymorphic and granular cell layers and, interestingly, neither the staining for BDNF [F(3,28) = 1.445, p =0.2509] nor its protein levels [F(3,28) =2.527, p= 0.0777] showed changes after the exercise protocol used here (Fig. 4) .
As for the real-time PCR analysis, we only observed an increase of MAP2 mRNA expression at EX7 (p < 0.05) [F(3,28) = 4.788, p = 0.0081] . No changes were observed for any of the other gene transcripts, and the expression of the GluR3 mRNA could not be detected in the hippocampus in our conditions. The results for the mRNA analysis are summarized in Table 1 .
In regard to cell proliferation and neurogenesis, we observed an increased number of BrdU-positive cells [F(3,20) = 25.39, p < 0.0001] and of DCX-positive cells [F(3,20) = 24.99, p < 0.0001] in the SGZ at all exercise periods. The number of BrdU-positive cells reached a ca. 2-fold increase at EX3, was highest at EX7 and was still increased at EX15 (p < 0.001), although not as high as at EX3 and EX7 (Fig. 5) . The staining for the neurogenesis marker DCX appeared to increase progressively with exercise exposure and was found to be increased at all exercise periods (p < 0.001) (Fig. 5) . We also verified the occurrence of SGZ neurons co-localizing BrdU and DCX (Fig. 6) , as expected.
The results of the corticosterone measurements revealed an increase of plasma levels at EX3 (ca. 73%, 3742± 431 pg/ml, Density data relative to the sedentary group (normalized) and typical immunoblots in each condition. NF: neurofilaments; NF68: 68 kDa neurofilament; NF160: 160 kDa neurofilament; MAP2: microtubule-associated protein 2; GFAP: glial fibrillary acidic protein; SED: sedentary; EX3: exercise training for 3 days; EX7: exercise training for 7 days; EX15: exercise training for 15 days (*p < 0.05; **p < 0.01; ***p < 0.001).
p < 0.05) and at EX7 (ca. 174%, 5901 ±721 pg/ml, p < 0.001), whereas the levels for EX15 (2678 ± 313 pg/ml) were similar to the levels detected in the sedentary group (2151 ±276 pg/ml) [F(3,31) = 13.69, p <0.0001], as previously reported .
Discussion
The short-term exercise protocol used here appeared to induce increases of SYN, NF68, MAP2 and GFAP, accompanied by a decrease of GluR1. The only transcriptional effect detected was an increase of the mRNA coding for MAP2. The other proteins and mRNAs studied remained unchanged, whereas BrDU-and DCX-positive cells increased. The effects of exercise may depend on factors such as duration of exercise exposure, type of exercise performed and possibly other, still uncharacterized variables (Berchtold et al., 2010) ; therefore, it is important to discuss the exercise protocol used in this study for comparative purposes. Since rodents normally exhibit intense physical activity during the dark (active) period (Holmes et al., 2004) , we conducted our exercise training during their active cycle. In order to minimize stress, our protocol started with an adaptation period allowing the animals to become familiarized to the treadmill, and we used a moderate intensity protocol . Treadmill exercise is a key component of many neurological rehabilitation programs (Holschneider et al., 2007) . However, it is considered to be a forced type of exercise (Arida et al., 2004) . In fact, when submitted to stressful treadmill exercise protocols, rats show activation of the amygdala (Vissing et al., 1996) , although, rats exercised on running wheels may also display increased anxiety-like behaviors (Grace et al., 2009) .
Whereas high-intensity exercise protocols may increase corticosterone levels, which inhibit the beneficial effects of BDNF (Cosi et al., 1993) and neurogenesis (Gould et al., 1992) , basal levels of glucocorticoids are necessary to maintain neurogenesis (Sloviter et al., 1993) . We have measured corticosterone levels from our animals and found them to be increased only at EX3 and EX7, in agreement with earlier data (Tharp and Buuck, 1974) . Another factor that should be taken into consideration is the novelty of the exercise experience during Mean ratio of GluR1/β-actin and GluR2/3/β-actin densitometry (N = 8). Density data relative to the sedentary group (normalized) and typical immunoblots in each condition. GluR1: glutamate receptor subunit 1; GluR2/3: glutamate receptor subunit 2/3; SED: sedentary; EX3: exercise training for 3 days; EX7: exercise training for 7 days; EX15: exercise training for 15 days (*p < 0.05; **p < 0.01; ***p < 0.001). the first few days. Therefore, the changes discussed here may be at least in part the result of environmental stimuli and not only of the exercise protocol, which might account for some of the differential changes that occurred at different time points. The neurotrophin BDNF has been shown to increase synaptogenesis (Mattson, 2008) and neurogenesis (Lee and Son, 2009; Zigova et al., 1998) , to modulate synaptic plasticity in the adult brain (Vaynman et al., 2003 (Vaynman et al., , 2004 , change the morphology of cells and dendrites (Tolwani et al., 2002) , and to modify synaptic function in the hippocampus by modulating the efficacy of neurotransmitter release (Kang and Schuman, 1995) . Even though BDNF is widely reported to be increased after various exercise protocols (Ding et al., 2006; Griesbach et al., 2004; Kim et al., 2010; Vaynman et al., 2003 Vaynman et al., , 2004 , we did not observe any changes of BDNF protein and mRNA levels after the exercise protocol used here. This suggests that the changes observed for the synaptic and structural proteins, some of which are regulated by BDNF, might be regulated in the present conditions by neurotrophic factors other than BDNF. As mentioned earlier, FGF-2 also increases after exercise and may be critical to mediate exerciseinduced changes in the brain (Gomez-Pinilla et al., 1997) . FGF is angiogenic (Folkman and Klagsburn, 1987) , stimulates proliferation of astrocytes (Gomez-Pinilla et al., 1995) and promotes survival and growth of neurons (Anderson et al., 1988) , all of which are increased by exercise (Black et al., 1990; Li et al., 2005; van Praag et al., 1999b) . Another candidate to participate in the regulation of the above mentioned plastic mechanisms is the epidermal growth factor (EGF). Although EGF has been shown to promote survival and differentiation of postmitotic neurons (Morrison et al., 1987) and to increase the density of newborn cells in the subventricular zone, it appears to shift the ratio of differentiation of those cells towards a glial lineage in the SGZ (Kuhn et al., 1997 ), whereas we observed a shift towards the neuronal fate based on the increase of DCX-positive cells. On the other hand, EGF might have played some role in exercise-induced hippocampal plasticity observed here, as we detected increased GFAP levels, and EGF is known to induce proliferation of astrocytes (Kornblum et al., 1998) . Alternatively, it is possible that BDNF signaling is increased by the present protocol through receptor sensitization/upregulation, which remains to be evaluated. BDNF is involved in the synthesis ) and phosphorylation of SYN (Jovanovic et al., 1996 (Jovanovic et al., , 2000 . Even though we found BDNF levels to be unchanged after the present protocol of exercise, we observed increased levels of SYN at EX7. SYN is involved in vesicle clustering, neurotransmitter release, axonal elongation and maintenance of synaptic contacts (Fornasiero et al., 2010; Greengard et al., 1993; Jovanovic et al., 1996) . This synaptic protein is frequently used as a predictor of synaptic density (De Camilli et al., 1983; Fornasiero et al., 2010) and is increased by exercise (Molteni et al., 2002; Vaynman et al., 2006) . These studies, as well as many others, support our findings of increased SYN after exercise. We did not notice, however, changes of SYP, the second nerve terminal protein studied here, even though this protein has been noted to change in the same proportion as SYN after some exercise protocols .
As mentioned earlier, exercise increases glutamatergic activity (Leung et al., 2006) . Glutamate is definitely involved in the mechanisms that promote learning and memory, and the activation of glutamate receptors has a role in the generation of LTP as a response to exercise (van Praag et al., 1999a).
GluR1 and GluR2 are clearly related to LTP mechanisms and do undergo plastic changes after exercise (Dietrich et al., 2005; Real et al., 2010) . Since it has been shown that shortterm exercise promotes an increase of glutamate (Leung et al., 2006) , the decreased levels of GluR1 at EX3 observed in our study could represent a protective strategy to prevent over-excitation and neurotoxicity by glutamate. The concentration of glutamate appears to decrease after 7 days of exercise (Leung et al., 2006) , when we found the protein levels of GluR1 to have returned to control levels. There is evidence, however, of increased GluR1 mRNA expression after 3 and 7 days of voluntary exercise (Molteni et al., 2002) . Nonetheless, Chen et al. (2007) have demonstrated that voluntary and forced exercise may activate distinct signaling pathways, which could explain the different findings between voluntary exercise (Molteni et al., 2002 ) and the present protocol.
During development, GluR1 and GluR2 are related to increases of length and complexity of dendritic arborizations (Chen et al., 2009 ). This doesn't appear to be a mechanism involved in the changes that occur in the adult brain and the ones observed here, as we noticed increases of MAP2 and NF68 after exercise despite the decreased levels of GluR1 and unaltered levels of GluR2/3. MAP2 is an early and sensitive marker of neuronal damage following traumatic brain injury (Huh et al., 2003) , and has not yet been associated with exercisedependent plasticity. Increased levels of MAP2 mRNA in the granule cell dendrites have been associated with the induction of LTP in hippocampal perforant path/granule cell synapses in rats (Roberts et al., 1998) and with some forms of hippocampusmediated memory processes (Fanara et al., 2010) . On the other hand, decreased levels of MAP2 and NFs have been associated with hypercortisolism (Cereseto et al., 2006) . Our findings revealed increases of MAP2 protein and mRNA, together with increased immunoreactivity and levels of NF68. To the best of our knowledge, this is the first evidence of changes of protein levels of NFs and MAP2 in response to exercise, despite reports of increased dendritic length (Stranahan et al., 2007) and complexity (Eadie et al., 2005) . Together with previous literature, the present data can be interpreted as a beneficial plastic effect. In fact, increased perikaryal levels of NF proteins are thought to be neuroprotective in diseases such as amyotrophic lateral sclerosis, due to NF association to calcium-binding proteins (for a review, see Julien, 1999) . It is noteworthy, however, that the increase of MAP2 preceded the increase of MAP2 mRNA, whereas no NF mRNA has changed after exercise. Changes of protein levels in the absence of mRNA changes may be explained by protein accumulation due to increased protein stability and/or decreased protein degradation, which also applies to SYN and GFAP data.
Exercise-induced astrocytic changes have also been previously reported. It was observed that astrocytic density and GFAP levels increase in the cortex and striatum after 3 and 6 weeks of treadmill exercise (Li et al., 2005) . In the SGZ, GFAP-expressing cells increase after 7 days of wheel running (Komitova et al., 2005) . The association of exercise-induced astrocytosis and angiogenesis is believed to strengthen the neurovascular unit and consequently the blood-brain barrier, which provides protective functions, especially after brain injury (Li et al., 2005) . Considering the two studies mentioned above, the present report appears to be one of the few to observe astrocytic plasticity after exercise, as we demonstrated increases of GFAP after 3 and 15 days of moderate exercise.
We also detected an exercise-induced increase of cell proliferation and neurogenesis in the SGZ after all periods of exercise, and demonstrated that 3 days of moderate intensity treadmill exercise were sufficient to induce these changes. The immunostaining for DCX, a protein that promotes microtubule polymerization and is present in migrating neuroblasts and young neurons (von Bohlen Und Halbach, 2007), revealed increases that progressed with exercise exposure. This finding suggests that even though the levels of cell proliferation remained stable through time, the ratio of cell differentiation possibly shifted towards the neuronal fate. Voluntary exercise has been shown to enhance neurogenesis and improve cognitive performance (Fabel and Kempermann, 2008; van Praag, 2008) . Other authors have also reported increased neurogenesis after 3 days of exercise, but they do not comment on the distance their mice ran per night, therefore limiting possible comparisons to our results with rats (Kronenberg et al., 2006) .
In conclusion, the changes of SYN, NF68, GluR1, MAP2 and GFAP as a result of different periods of treadmill running reported here suggest a positive effect of short-term, moderate intensity treadmill exercise on hippocampal plasticity, which was in general independent of transcription regulation and of BDNF upregulation. In addition, the present protocol appeared to be sufficient to increase hippocampal neurogenesis as early as 3 days after exercise training. These changes might be subjacent to anatomical and functional plasticity of the hippocampal area generated by physical exercise. Furthermore, the increasing body of information on exercise-induced changes may be useful to develop strategies to prevent or treat functional decline following aging, neurological disorders and trauma.
4.
Experimental procedures
Animals
Male 2 month-old Wistar rats weighing ca. 250 g (obtained from the Animal Facility of the Institute of Biomedical Sciences of the University of São Paulo) were housed in groups in standard polyethylene cages with food and water ad libitum, room temperature of 23°C and a 12/12 h light-dark inverted cycle (Holmes et al., 2004) . All protocols were approved by the Ethics Committee for Animal Research of the University of São Paulo and experimental procedures were performed in accordance with the guidelines of the Brazilian College for Animal Experimentation (COBEA) and the animal care guidelines of the National Institutes of Health (NIH/USA).
Exercise protocol
All animals went through a two-day adaptation period to a treadmill (KT 3000 -IMBRAMED, Brazil, adapted for rats) during which they were allowed to explore the equipment and the treadmill was turned on for only 15 min at low speeds (0.3 to 0.5 km/h). This procedure has the purpose of excluding animals which are intolerant to the treadmill and refuse to run, providing a homogenous group of rats that will then be randomly divided into 4 groups: sedentary (SED) and exercise for 3 days (EX3), 7 days (EX7) and 15 days (EX15). Each of the experimental groups exercised for 40 min a day at 10 m/min (0.6 km/h) in the middle of the active cycle (between 11 am and 1 pm), whereas the sedentary group remained in the cages near the treadmill. The inverted cycle and this period of training were used to avoid the development of internal desynchronization, similar to the effect observed in nightshift workers, which was previously detected in rats that exercised during their light cycle (Salgado-Delgado et al., 2008) . The animals which presented problems adapting to the treadmill or refused to run were excluded. Different groups of rats were used for immunohistochemistry, immunoblotting and real-time PCR assays.
Immunohistochemistry
4.3.1. Tissue processing After the exercise period, the animals (8 animals per group) were deeply anesthetized (ketamine, 20 mg/100 g of body weight; xylazine, 2 mg/100 g, i.m.) and perfused transcardially with 300 mL of 0.1 M phosphate buffered saline (PBS) followed by 300 mL of 2% paraformaldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.4. The brains were then removed and post-fixed for 4 h in the same fixative at 4°C and cryoprotected with a 30% sucrose solution (in PB) for 48 h at 4°C. Coronal sections (30 μm) were cut on dry ice using a sliding microtome (Leica SM 2000R -Heidelberger, Nussloch, Germany). Sections were stored in PB at 4°C until use.
4.3.2.
Immunostaining Free-floating sections were stained with a series of antibodies, namely rabbit polyclonal anti-SYN (1:1000) (Chemicon, Temecula, USA), rabbit polyclonal anti-SYP (1:250) (DakoCytomation, Glostrup, Denmark), mouse monoclonal anti-NFs (PAN, recognizing 68 kDa, 160 kDa and 200 kDa neurofilaments) (1:2000) (Zymed Laboratories, San Francisco, CA, USA), rabbit polyclonal anti-BDNF (1:500) (Chemicon, Temecula, USA), mouse monoclonal anti-MAP2 (1:1000) (Chemicon, Temecula, USA), mouse monoclonal anti-GFAP (1:1000) (Immunon, Pittsburgh, PA, USA), rabbit polyclonal anti-GluR1 and anti-GluR2/3 (1:250) (Chemicon, Temecula, CA, USA). The antiserum against GluR2/3 recognizes an epitope common to the GluR2 and GluR3 subunits. As the expression of GluR3 in the hippocampus is very low when compared to the expression of GluR2, it is generally assumed that the widely used GluR2/3 antibody provides a good picture of the GluR2 distribution in the brain (Petralia and Wenthold, 1992). All antibodies are routinely used by several laboratories. The secondary antibodies were biotinylated goat anti-rabbit antisera for SYN and BDNF, donkey anti-rabbit antisera for SYP, GluR1 and GluR2/3, donkey anti-mouse antisera for MAP2 and GFAP (all from Jackson Immuno Research Lab., West Grove, Pennsylvania, USA) and a goat anti-mouse antiserum for NFs (Vector, Burlingame, CA, USA). The primary antibodies were diluted in PB with 0.3% Triton X-100 and 5% normal goat serum (for anti-SYN, anti-BDNF and anti-NFs) or normal donkey serum (for anti-SYP, anti GluR1, anti-GluR2/3, anti-MAP2 and anti-GFAP) and the sections were incubated overnight (14-20 h) at room temperature (ca. 24°C). After washing the sections with PB (3× 10 min), they were incubated with the corresponding secondary antibodies, which were all diluted 1:200 in PB with 0.3% Triton X-100 for 2 h at room temperature. Following additional washes (3×10 min), the sections were incubated with the avidin-biotin-peroxidase complex (ABC Elite kit, Vector Labs., Burlingame, CA, USA) for 2 h at room temperature. Labeling was developed with 0.05% diaminobenzidine tetrahydrochloride (DAB) and 0.03% (final concentration) hydrogen peroxide in PB. To confirm the specificity of the antibodies, a separate set of sections from each group was incubated only with the secondary antibodies, a condition in which no staining was present.
After the staining procedure, the sections were mounted on glass slides and the staining was intensified with 0.05% osmium tetroxide in water. They were then dehydrated and coverslipped using Permount (Fisher, Pittsburg, PA, USA). The region of interest was identified based on a stereotaxic atlas (Paxinos and Watson, 2005 ) using a 20× objective on a Nikon E1000 microscope (Melville, NY, USA). Images were captured using a Nikon DMX1200 digital camera, encompassing an area of 54,000 μm 2 of the dorsal hippocampus, between 3 and 4 mm behind the bregma (5-7 sections/brain) (Image J, NIH/USA).
Western blotting
The animals (8 animals per group) were decapitated and their hippocampi quickly collected, frozen in liquid nitrogen and stored at −70°C until use. The tissue was then homogenized at 4°C in extraction buffer (Tris, pH 7.4, 100 mM; EDTA 10 mM; PMSF 2 mM; aprotinin 0.01 mg/ml). The homogenates were centrifuged at 12,000 rpm (15294 g) (Eppendorf Centrifuge 5804R -Westbury, NY, USA) at 4°C for 20 min, and the protein concentration of the supernatant was determined using a protein assay kit (Bio-Rad, Hercules, CA, USA) (Bradford, 1976) . The material was stored in a sample buffer (Tris/HCl 125 mM, pH 6.8; 2.5% (p/v) SDS; 2.5% 2-mercaptoethanol, 4 mM EDTA and 0.05% bromofenol blue) (Laemmli, 1970) at − 70°C until starting the assays. Samples containing 75-100 μg of total proteins in Laemmli buffer were boiled for 5 min and separated by 6.5%, 8% and 12% acrylamide SDS gels (Bio-Rad, Hercules, CA, USA) at 25 mA (Laemmli, 1970) and electrophoretically transferred to nitrocellulose membranes (Millipore, Temecula, CA, USA) at 100 V for 80 min using a Trans-Blot cell system (Bio-Rad, Hercules, CA, USA). A sample of 800 ng of recombinant human BDNF (rhBDNF) (Sigma, St. Louis, MO, USA) reconstituted with 0.2 μm-filtered PBS/0.1% BSA to a concentration of 50 mg/ml was also applied to the 12% gels as a control for BDNF (Das et al., 2001) . The membranes were then blocked for 2 h at room temperature with PBS containing 0.05% Tween-20 (TTBS) and 5% non-fat milk, and incubated overnight at 4°C with the same primary antibodies used for immunohistochemistry at a concentration of 1:1000. The membranes were then incubated for 2 h with anti-rabbit-HRP IgG for SYN, SYP, BDNF, GluR1 and GluR2/3 and anti-mouse-HRP IgG for NFs, MAP2 and GFAP (Amersham, Little Chalfont, Buckinghamshire, UK) diluted 1:10,000 in TTBS with 1% non-fat milk. The probed proteins were developed by using a chemiluminescent kit (ECL, Amersham Biosciences, NJ, USA). The membrane was then incubated for 30 min at room temperature with stripping buffer and an anti-β-actin antibody (Sigma, St. Louis, MO, USA) was used to quantify β-actin as a loading control. The bound antibodies were visualized using radiographic films which were placed in contact with the membranes, then developed and fixed. The quantification of band intensity was performed with Scion Image 4.0.2 (Scion Corporation, Frederick, MD, USA).
RNA isolation, cDNA synthesis and real-time PCR
The hippocampi were collected (8 animals per group) and immediately homogenized in 1 mL TRIzol (Invitrogen, Carlsbad, CA, USA) with a homogenizer and total RNA was isolated following the manufacturer's suggested protocol. Briefly, following one chloroform extraction step, RNA was precipitated with isopropanol and the pellet washed once in 70% ethanol. After airdrying, RNA was resuspended in DEPC-treated water and the concentration of each sample was obtained from A260/A280 nm measurements. Residual DNA was removed using DNase I (Invitrogen) by following the manufacturer's protocol. For each 20 μL reverse transcription reaction, 4 μg total RNA was mixed with 1 μL oligodT primer (0.5 μg/μL; Invitrogen) and incubated for 10 min at 65°C. After cooling on ice the solution was mixed with 4 μL 5× first strand buffer, 2 μL of 0.1 M DTT, 1 μL of dATP, dTTP, dCTP and dGTP (10 mM each), and 1 μL SuperScript III reverse transcriptase (200 U/μL; Invitrogen) and incubated for 60 min at 50°C. Reaction was inactivated by heating at 70°C for 15 min, and the samples were diluted four times. The real-time PCR reaction system included the following: 200 to 400 nM primers, 5 ng cDNA samples, and 1× SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). Using the Rotor-Gene 3000 Real-time PCR detection system (Corbett Research, Mortlake, NSW, Australia), cycling conditions were set as follows: after initial activation at 50°C for 2 min and 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min, then melt curve analysis was performed by heating samples from 65°C to 99°C (1°C increment changes at 5 s intervals), in order to evaluate primer specificity. All sample measurements were performed in duplicate. Primers used for the housekeeping genes, hydroxymethylbilane synthase (HMBS) and hypoxanthine phosphoribosyltransferase 1 (HPRT1), were described by Depreter et al. (2002) and the primers for the genes of interest were designed using software primer express v3.0 (Applied Biosystems) (Depreter et al., 2002) . The efficiency of the primers used ranged from 98 to 118% (106± 7%) and their properties are described in Table 2 .
Relative quantification of target gene expression was performed using the comparative CT method, as described in detail elsewhere (Medhurst et al., 2000) . The ΔCT value was determined by subtracting the target CT of each sample from the respective housekeeping genes mean values. Calculation of ΔΔCT involved the sedentary group mean ΔCT value as an arbitrary constant to subtract from all other ΔCT mean values. Fold-changes in gene expression of the target gene are equivalent to 2 − ΔΔCT .
4.6.
Detection of 5-bromo-2-deoxyuridine and doublecortin BrdU (Amersham Cell Proliferation Kit, Little Chalfont, Buckinghamshire, UK) was dissolved in dH 2 O. Each rat received a single injection of 50 mg/kg of body weight at a concentration of 50 mg/mL at the end of the training period. The animals were transcardially perfused 3 h after the injection of BrdU and immunohistochemistry for BrdU was performed. The transcardiac perfusion and tissue preparation for immunohistochemistry were both performed as described in the tissue processing section. Free-floating 30 μm-sections were washed (3× 10 min) with PBST (PBS+ 0,1% Triton X-100), pretreated/denaturated with 2 N HCl for 1 h, washed again (3× 10 min), fixed with 0.1 M Na 2 B 4 O 7 at 4°C for 10 min and washed again (3× 10 min). After the pretreatment, the sections were incubated overnight at room temperature with a mouse monoclonal anti-BrdU antibody (1:1000) (Amersham, Little Chalfont, Buckinghamshire, UK) and 5% normal donkey serum. The sections were then incubated for 2 h with a biotinylated donkey anti-mouse secondary antibody (1:200) (Jackson Immuno Research Lab., West Grove, Pennsylvania, USA). For the staining of DCX, the sections were pre-incubated in 10% normal donkey serum and incubated for 48 h at room temperature with a goat polyclonal anti-DCX antibody (1:100) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and 10% normal donkey serum. The sections were then incubated for 2 h with a biotinylated donkey anti-goat secondary antibody (1:200) (Jackson Immuno Research Lab., West Grove, Pennsylvania, USA). Immunostaining for both sets of tissue was performed as described above. Digital images were captured using a 20× objective on a Nikon microscope (Nikon E1000, Melville, NY, USA) and camera (Nikon DMX1200). BrdUand DCX-positive cells in the SGZ were counted (Image J, NIH/USA) in areas of 54,000 μm 2 from 5 to 7 sections per animal (N = 6), between 3 and 4 mm behind the bregma (Paxinos and Watson, 2005) . To verify possible co-localization of these markers, the sections were pre-incubated in 10% normal donkey serum for 1 h, incubated with Alexa Fluor 488-conjugated mouse monoclonal anti-BrdU antibody (1:500) (Caltag Laboratories, Invitrogen Corporation, Carlsbad, CA, USA) overnight at room temperature and with the goat polyclonal anti-DCX antibody (1:100) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for 48 h at room temperature followed by TRITC-conjugated IgG donkey antigoat (1:50) (Jackson Immuno Research Lab., West Grove, Pennsylvania, USA). Confocal images were acquired using a 40× oil objective on an inverted confocal microscope (Zeiss Axiovert LSM510 -Carl Zeiss, Germany) and Z-series was conducted from a total of 20 μm (1 μm interval).
Corticosterone determination
For corticosterone determination, the rats (7-10 animals per group) were decapitated, and the blood was collected in vacutainers containing sodium heparine. Samples were then spun at 1,000×g for 15 min at 4°C to obtain plasma. The plasma samples were stored at −70°C until dosage of the hormone with an ELISA kit (Cayman Chemical Co., Ann Arbor, MI,USA -500651 Corticosterone EIA Kit). All the samples were processed in duplicate at a dilution of 1:10. The method used here has been described elsewhere (Pradelles et al., 1985) . Briefly, the diluted samples were incubated for 2 h at room temperature in corticosterone conjugated with acetylcholinesterase and a specific antiserum in a 96-well plate pre-covered with rabbit antiIgG antibody. After the incubation, the plates were washed with the provided wash buffer (1:400) and Tween 20 (1:2000) diluted in ddH2O and the enzymatic substrate was added (Ellman reagent). The optic density of the samples was determined after 1 h using the ELISA reader (412 nm) and the concentration of corticosterone was calculated using a standard curve.
Statistical analysis
Data are expressed as the mean ± SEM. Statistical analyses were performed using one-way ANOVA with Tukey post-hoc test for immunohistochemistry, Western blotting and mRNA expression data and one-way ANOVA with the Bonferroni post-hoc test for plasma corticosterone.
